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_Abstract

Fully three-dimensional numerical inodels based on
| ,:~rtic.lc-itl-cell with Moute Carlo collisions (PIC-MCC)
simulations are developed to study ion thruster plasina
interactions. 3-D simulation results f or the NSTAR
ion thruster plasma environment arc presented. It is
found that charge exchange ion backflow will generate
a plasma enviromment wit ha density of 10 em™*and
a current density of 107 “A/em? near the downstream-
facing spacecraft sufaieparuciéEninulauoh 1bac
is used to help the design and calibration of NSTAR di-
agnostic mmstruments.

1. Tutroduction

Electric propulsion devices arc valued as a high-
specific impulse class of space propulsion. To bascline
the use of ion propulsion on spacecraft, NASA hasini-
tiated a techinology demonstration and validation) pro-
graimn NSTAR (NASA Solar- Electric Propulsion Vech-
nology Application Readiness). Through ground tests
and a space flight experiment, NSTAR will validate the
life and perforinance of xenon lon thrusters, character-
ize the benefits and tradeoffs of xenonion propulsion,
and study the interactions and any potential impacts
induced by ion thrusters.

It has long been recognized that thie ion thruster
p lume could result in complex plasma interactions with
the host spacecraft[l, 2, 13]. Anionthruster p Juine is
composed of propellant eflux (high energy beam ions,
neutralizing elcetrons, and unionized neutrals that es-
caped through the ion optics and from the neutralizer),
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nonpropellant efllux (inaterial sputtered from thruster
components arid the ncutralizer), arid a low- energy
charge-exchange plasma (generated through collisions
between energetic jons and the neutrals within the
plume). The plasina plumchas raised various concerns.
For instance,the charge-cxchangc ions canleave the pri-
mary plume and backflow toward the spacecraft. Back-
flow charge-exchange ions are thought to be the major
mechanisin for accelerator grid erosion. The deposition
of the plume particles on thermal and optical surfaces
may result in a change of the surface properties. Since
charge exchangeions may interact withthe solar arrays
or any exposed conducting surface, the plume repre-
sents an additional charging mec hanisi. The plasina
plumemay also aflect in situmecasurements of ambient
charged particles. Although the xenon ion engine has
a substantially lower contamination potential compared
to other types of propulsion devices, nevertheless, the
interactions induced must be fully understood and their
nnpacts quantified.

The purpose of this paper is to study ion thruster
plasma interactions and quantify the ion thruster in-
duced plasma environment for NSTAR.

1 011 thruster plasina interactions have been studied
f or some time. Recently, Peng et al. used clectro-
static P1C- MCC simulations to model the innmmediate
downstreamregion of thruster accelerator grids and
study grid erosion problems(7, 8, 9]. Samanta Roy et
al. used elect rostatic PIC simulations to model the
far-dow nstreamn region and study charge exchange ion
backflow[14, 4, 15]. Here, we present a detailed simu-
lation of thruster induced plasma environment by con-
sidering a plasma plume cmitted fromn a 3-dimensional,
finite size, chargedspaceceraft.

2. Formulation and Approach

The NSTA R ion thrusterand diagnostics will be flow 11
onthe D S-1spacecraft. Fig. 1illust rates the IN- | space-



craft deployed configurat ion. Fig.2 shows a simplified
‘1S 1 configuration that is used in oursimulatijon. Con-
sidering the orientation of the Sun and the spacecraft
orbit, we take the solar array surface facing the z direc-
tion, and the thrust direction inthe x direction.

DS -1 is aninterplanctary spacecraft. Since the inter-
planetray ambient plasina density is about ambient ~
1 em™ 3, the plasina environment surrounding DS -1 will
be dominated by theion thruster gencrated environ-
ment. Hence, we shall neglect the ambient plas ma in
our sitnul ations.

NSTAR Parameters and Simnple Calculations

The NSTAR ion thruster i's a 30cm Xenon ion
thruster. Here we present some basic calculations rele-
vant to the NSTAR ion thruster plasina environment.

Some of the basic parameters for the beamions arc:
beam ion current: fo o~ 1 .76A; exit beam velocity of the
jons: Yeio >~ 3.5 x 10° cin/s (I sxit beamn kineti ¢ energy:
K o ~ 1 100eV); temperature of the b camions: 75 o~
5001{ (K17~ 0.04cV);thermal velocity of thebeam
jons: i~ 1.6 x 1 0'cmn/s.

From these paramcters, the average beamion current
at thruster exit is

Jhio = I/ard ~ 22.8 A/m? )

and the average beainion density at thruster exit

1po = Jyin/Cvpi~ 4.3 x 10% e 3 (?)
Measurements have shown that the beamn ions form a
diver-gcv]t flow withadivergencehalf angle about15to
20°. The radia beamcurrent density profile is assumed
to follow a Gaussian distribution:

(3)

where Jyima = is the current density in the beam center.
Although the actual distribution is more peaked[1 ]].

IleiI > Jyimar CX])(- (7'/7"1')2) r < rp

The beamions arc neutralized outside the thruster
exit by electrons ciitted from the neut ralizer. There
have beenno detailed measurements of the electron
characteristies in the plume of the N STAR thruster.
For a simple analysis, onec may assuine that the elee-
trons flow a Boltzian distribution

Ne ™ N pep eXp((P - Prep)/70) (4)

T'his assumption, which iiplies that the plume is quasi-
neutral and the electron population is in equilibrium,
has beenusedinahnost all previous plume studies. The
clectron temperature 7, is typically thought to be 7, ~

1 5¢V. Although sonmie measurements suggest that 75
may bemuch lower than this value.

Assutning 7, ~ 5eV (electron thermal velocity v o~
9.4 x 107cn/s , and using other paramcters presented
above, one easily fiuds the following basic plasina pa-
rameters inmediately outside the thruster exit:
plasiia density: no =~ 4.3 x 10° e~ 3
electron and ion plasma frequencies:
10°rad/s and wpio >~ 7 x 10%rad/s
Debye length: Apg -2.5 x 107°ci11
ion accoustic velocity: Cso ~ /Te/mi ~1.84x10%cm /s
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Fxpansion of Beam lons

During normal ion thruster operation, clectron emis-
sion kecps the exhaust plume quasi neut ral and prevents
the spacecraft from charging up significant ly. I'ypically
the spacecraft potential &, is much lower thanthat
of the beam ion kinetic encrgy, le &, /c, << K190 The
beamn ions will mainly &€ along linc of sight, Vs ~ Ubio
, aud the. core . region of theion beam will keep its co
herent structure. Fig.3a shows the beam ion density 7
inthe core region. Fig. 3b shows the beam ion density
normalized by Mo along the radial direction at thruster
exit.

A high density plasia beam expanding into a vac-
uumor low density plasma region will also under go
an expansion when the beam density is mesothermal,
Vi << Ui << Vie- Therefore, during normal thr ust er
operations, an expansion fan similar to that of plasma
expansion into a vacuum{16] is generated outside the
beam region.

Assuming 1, =~ beV, the Mach number for the beam
ions al thruster exit is My = vio/Cso ~ 18. Let 11S
denote @ an expansion angle start ing from the beam
dircction, and %o = sin = '( M,;()] )- Assuming the elee-
trons follow the Boltzmann relation I5g(4) and follow-
ing Wang and Hastings[16], one can snow that thebeam
tons will expand outward with a velocity

iy : C, (5)

normal to their original line of sight direction. The
beatn ion density and the expansion angle 0 have the
following relationship

In ]l, . cd R

SRS VME - 10004 0) - ;l(()oﬂ 0y (6)
In Fig.4 we plot Eq(6) for three Mo, My = 2,8 and 18.
A's Iig.4shows, at My >> 1, the ion density associ-
ated with the expansion fan is negligible for 0> 90°.
Hence, unless the spacecraft is very negatively charged
or thebeain is not quasincutral, there is no interaction
between the beamn ions and the spacecraft.




Chatge FExchange lon Production

Tl unionized propellant forms a neutral Pluime. A's
Ref[4] snows, the density distribution of the neutral
plume is modcled as that of a free mmolecular flow from
a point source located at one thruster radius ¢ behind
the thruster exil.Hence,the density distribution of the
ncutral plume is given by:

7‘/\
n,(18,0) = anyo(1 - (14 ('1:: )?4) 1/2) cos (7)

where 1,0 1s the average neutral density at thruster exit,
R is the distance to the point source, 8 is the angle be-
tween I2 and the downstreamn axis, and ais a correction
factor. Mnois relatedto the ion beamvia the following
relationship[4]:

411501)50 1
Ny &7 - :

¢ (®)
where ¢ = \/Sk'J'u,/mm enon iS the mean therimal specd
of thencutrals, and, is the propellant utilization efli-
ciency. Typically, the thruster discharge chamber wall
temperature is Ty, ~ 500K. For normal thruster oper-
ations, ny, range from 0.7 to 0.9. A significant higher
neutral pluine density may also be obtained either duc
to low propellant utilization or through extra neutral
sources. Fig.5 snows theneutral plume density contours
calculated frombq(7)

Charge-exchange collisions will occur between the
beam ions and the neutrals. Charge-exchange ions
have been the primnary concern for plume contamina-
tion. Next we do a siinple calculation of the r-llargc-
exchange collision freq uen cy ucci'- Ny V0 cea(Vbi)) and
the charge-exchange ion production rate

dige, [dl = MpiNaVbi0cer (v4i)

(9)
near the thruster exit.

The charge- exchange collision cross section for xenon
can be expressed by[12, 4]:

Ocer = (kiIn Ubi—lk'z)2 x 1020 m? (10)

where Ysi is beamion velocity withunitinm/s, k-
-0.8821, andk,- 15.1262. Forvsi c- 3.3 x 10* 111/s,
Oeer ™ 3.5x  107'° em?. Hence, at thruster exit, we find

3 .
Veea0 : NpaUpiOcer(vai) 6 x 107571
and

3.3 _-
dnicero/dl == 14010 VB Oce o (vpi) > 2.4 10 357!

It is convenient to carry out the following norinal
ization using plasina paramncters near the thruster exit:

Vees = Veer [Wpioy Tleer = Neer[Mbio » Mbi = i /10,
iy = ny/uy0.and €= twpioo 1 hedimensionless charge-
exchange collision frequency at thruster exit is Peero =
8.94 x 107 1 and the dimensionless charge-excl lange pro

ductionrate is
Aleer

di

Veero Mpn Ny 4. -
= - - - = 824 x 10 Nyt

Wpio no Nbio
dn.,/dl is plotted in Iig.G.
Particle Simulation Model

In order to quantify theion thruster plasina environ-
ment, a sclf-consistent calculation of the plasma par-
ticle orbits and the electrostatic potential is required.
We have developed aset of fully 3-dimensional particle
simulation programs consisting of hybrid electrostatic
(ES), full particle ES PIC-MCC siinulation, and full
particle electromagnetic (KM) 1"article-itl-(k]l Monte-
Carlo collision (I’P1C-MCC) codes[21]. The sitnulation
models and algorithins were discussed in Ref [21].

Since our emphasis here is on the charge exchange
jons and the plasma envirommnent, we shall use the hy -
brid siimulation code which only follows theiontrajec-
torics and assumes that the clectron density 1, is given
by the Boltzmann distribution eq(4). This approach ne-
glects the details uear the thruster exit but I~rol’ides a
more effective way to calculate ion dynamicsin a global
Scale.

Our simulation sctup is shown in Fig.2. The space-
craft is modeled as a 3-dimcusional box structure with
aconducting surface and a surface potential @, rela -
tive to the ambient. At each time step, the propellant
ions are injected into the simulation domain from the
thruster cxit to form a beam described by eq(3). The
ncutral plume is treated as a steady state background
described by eq(7). The charge-exchange ions are gen-
crated according to eq(9) based on the beamion and
ncutral density profile. The trajectory of cach charged
particle is integrated from

dmV o .o BodF
e B og(B4 V-, -, 2V 11
dt g(Ii4 Vo ¢ ) dt (n
using a standard leapfrog schemne, and the sclf-

consistent electric field is obtained from the Poisson’s
cquation

vid- - dnp (12)

Since computationally it is not feasible to set the sin-
ulation domain large enough for the outer boundary
to bethe undisturbed ambient, a Neumann condition
V®n =0 is used atall outer boundaries of the simula-
tion domain.



3. Results and Discussions

Since the dimensions of the solar array for the DS 1
spacccraft has not yet been defined, here we shall con-
sider the spacecraft configurat jon shown in I igure 2a
(110 solar array). Thespacecraft is takentobea cubic
box Wit h dimension 1m x 1m x 1 . In the simulation
results presented here (with the exception of Figure 7),
the spacecraft is located at 2 <2< 16, 15 <y <29,
and15 <2< 29. The thruster exit center is located
at 2 = 18, y = 22, and z = 22. The thrust direction
is inthe x dircction. The grid resolution is taken to be
deert 2 9.2 In this paper, the nuinber of grid points
used for the simulation domain is 47 x 47 x 47 andthe
number of test particles is in therange of 10°.

The parameters f o r the beam ions and charge-
cxchange ion production have been discussed inthe
last scction. The spacecraft potential needs to be de-
termined based on the global spacecraft charging con-
dition. Under norinal thruster operations, the space-
craft can be charged only to a low potential. Here,
we take the spacecraft potentialto be - @/ /T~ 3
(K Epio/le®,/cl o~ 33.3).

In Fig. 7 though Fig. 11, we show simulation re-
sults 011 a xy planc cutting through the spacecraft and
thruster center at 2 = Zihruster = 22 (the “center xy
plane”). Fig.7 shows the potential contours for theno
beamn situation. When the thruster is operating, since
K Eyio/le@ssc|l >> 1 and the beam is quasipeutral, the
beam ions are not influenced by the potential field. The
beam ion positions arc showninl'ig.9a. As Fig.Bshows,
the structure of thepotential field is dominated by the
disturbance from the high density ion beam. Since the
clectrons are much more mobile than ions, the beam
center has a higher potential.

Collisions between th e beam ions and the neutral
background gencerate charge exchange ions. The charge
exchiange jon production rate is proportional to the neu-
tral density and beamiondensity, as showninFFigure 6.
In contrast to the beam ions, the motion of t he charge
exchange ions arc influenced by the potential ficld due
to their low kinctic energy. Fig. 9b and 9¢ arc a x-y
position plot and a v, /Cs-2 phase space plot for the
charge-exchange ions respectively.

I'ig. 10 shows the normalized total ion density, Mjon =
Mion flbjp, and the charge exchange 1011 dengity, hie, -
Neer /Min, ON the center Xy plane. Fig.l la shows the
normalized charge-exchange ion current density Jees
Fig.11b shows the directions of the charge-exchar 1ge ion
current Ji¢, /[Jeex|- 1t is obvious that the potential field
influences the charge exchange ions intwo ways, First ,

due to the negative potential on the acceleration grid,
charge exchange ions produced near the thruster exit
will be accelerated towards the thruster exit. This back-
flow causes crosiononthe acceleration grids. Second,
since the plume center has a higher potential, charge
exchange ions produced within the beam can flow ra-
dially outward theheamnregion. It is well recognized
that, ouce outside the pluimne, charge exchange ions may
become a potential contamination source.

once outside the beamn, charge-exchange ions fal into
the influcuce of the global potential field surrounding
the spacecraft. For aninterplanetary spacecraft, since
the ambient plasma density is low, there will aways be
a thick sheath surrounding the spacecraft. ixcept for
those charge-exchange ions generated right downstream
of the thruster, the collection of charge-exc hange jons
by the spacecraft is similar to the current collection by
a probein the orbitalinotion limited regime. AsFig.10
Snows, the outflow of charge exchangeions form a wing
shaped strucutre.

Inkig.12 and 13, wc snow charge exchangeionnuin.
ber density and current density at several downstreamn
distances on on the center xy plane (z: 22). Fig. 12
shows Mion and fier at three downstream distances:
7= 19 (immediately downstream of the thruster);
7 = 29 (bbem downstream of the thruster); and » = 38
(101cmn downstreamn of the thruster). Inlig. 13 we
compare Jeer at thruster exit, = 18, and at spacceraft
surface z=16. Wc findthe charge exchange ion desnity
Nees /M0~ ().33, OF Neer ~ 1.4 x 10%m~ 3 near thruster
exit. The spacecraft’s downstream surface sces a charge
ion density Neer [Mbio ~ 0.001, OF nges~ 4 X 10%cm™*
(whenz: 22). Note this density is significantly larger
than the interplanctary ambient plasima denity.

InFig. 14 and lFig. 15, we show simulation results on
a xy plane culting through diflerent z locations: 2 - 24
(irmmediately outside of the thruster); z = 25 (5.2cn
outside from the thruster); and 2 - 28 (5.2¢1 1y inside
from the spacecraft edge). Not surprisingly, the charge
ion density decreases as one moves further away from
the thruster center.

A's cvident from the vector plot of £ and the results
shown from Fig. 10 through 15, wc find that a sym-
metrically shaped spaceeraft charged to a few e can
not pull asignificant amount of charge-exchange ions to
the upstream surface of the spacecraft. Thercfore, the
ram side environment is not disturbed by the thruster
operation. However, this conclusionmay not hold if the
spacecraft is highly differentially charged.

4. Summary and Conclusions



We have developed a set of fully three-dimensional
-numerical models based on parti cle-in- cell with Monte
Carlo collisions (1’1 C-MCC) simulations to study ion
thruster plasina interactions. In this paper, we applied a
hybrid PIC-MCC model to obtain the thruster induced
environment. for NSTA [{. Our simulations show that
the charge-exchange ion density is about Nees/nuio ~
1072 (Neer ~ 4 x 10 Sem- 3 near the downstrean -
facing s] »acecraft surface and about Neer [Mbio ~ 0.3
(1eer ~ 1.4 x 10%n3 at thruster exit. The charge-
exchangeion backflow current density is about Jeer ~
1 x 1077 A/cm? near the downstream facing spacecraft
surface andabout J.ep ~ 5 X 10°A/em? at thruster
exit. Therefore, under normal thruster operating con-
ditions, charge-exchange ions should not alter a space-
craft’'s charging environinent. The uncertainties in re-
sults present ed in this paper come from t he assumption
of electron Boltzmanu distribution and the assuined
value of electron temperature. Our recent full particle
simulations suggested that the elec tron distributionsen -
sitively depends on the interations between beam ions
and electrons[22]. The clectron characteristics are being
studied indetailin our ongoing rescarch.

This modeling study is perforined to complunent the
NSTAR diagnostics. Our particle sitnulation model is
currently used to help the design and calibration of
NSTAR diagnostic instruments. Inthe future, our nu-
merical results will also be compared with experimental
data obtained from ongoing ground tests of the NSTAR
thruster as well asin situ measurementsabordthe 1) S- 1
spacecraft.
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Figure Captions
Figure1: 1) S- Tand NSTAR configuration.

Figure 2: Model setup. a) Spacecraft. b) Spacecraft
with deployed solar arrays.

Figure 3: The core region of theionbeam(whenthe
ion beam is neutralized). Upper pannel: beam ion dei -
sity contou rs (cont our level: Wi [ Mbirnar = o1, 0.2,..,1.).
Lower pannel: e = i /150 along the radial direction
at thruster exit.

Figure 4: Quasincutral expansion of a plasma beam,
O VS. figeam- Mio = 18 (solid line), Mo = 8 (dashed
line),and Myg = 2 (dotted line).

Figure 5: Neutral background density contours on the
center xy planc.

Figure 6: Charge-exchange ion production rate. Con-
tours for ditces ¢t onthe center xy plane. (Contour

level: ((lil, /fit)/2il/ ..0 = 0.01.0.05, 0.1, 0.5, 1., 15).

‘

Figure
for no becam situation

i: Potential contours on the center xy plane

Figure 8: Potential contours (a) and J2 field (b) on
the center xy planc. Simulation case A.

Figure 9: Beam ion positions (a), charge- exchange
ion positions (b), and v, /C, vs. & phasc plot for the
charge-exchange ions within the center layer.

Figure 10: a) 'Totalion density contours (contour
level: Mion/Meio = 1074, 5% 10,1073, 5 x 107 3,107 2,
5 x 109, 0.1, 0.5, 1., 1 .5).b)Charge-cxchangeionden-
sity contours (contourlevel:n,e, /npio - 10- 4,2X10-4,
4X 10"4,6X 10-4, 8X 10-4, 10-3, 2X 10"3,4X1 O-3,
6x 10°3 8 x10°% 1072 2x1072,4x 107 6x 1072,
§x 10- 2, 0.1,0.2,().3)

Figure 11: Charge-exchange jon current Vector plots

for Jeer (8) and j;e,/lJNII(b).

Figure 12: Charge exchange ion number density a't
several downstreamn distances onthe center xy plane
(z= 22): immediately downstreamn of thruster (@), 5Hcn
downstream (b), 101cm downstrean.

Figure 13: Charge exchange ion current density Jeer
al thruster exit (2 - 18, solid line) and at spacecraft
surface (=16, dotted line).

Figure 14: Potential contours on a xy plane cutting
through different z locations: z = 24 (a), z = 25 (b),

and 2 =- 28 {c).

Figure 15: Charge exchangeion density contours on
a xy plane cutting through different z locations: 2 = 2 4
(@, 2=25(h),and2=28 (0.



SCAHLET
ARRAY
MICAS P

EPDS
EQUIPMENT

ACS
EQUIPMENT

PROPULSION MODULE
(NSTAR & HYDRAZINE)

Figure 1

solar arvay

a) b)

spacecraft spacecr aft

Figure 2



cam ion density

>

beam ion density: thruster exit

4.01
flb(‘um
2.0
00“ """"" T T T
0. 20. y 40

Figure 3

o
40. 1 .
"
1 I
08 T, b

Figure 5

0900 TE0 100 " -0 T 00
log(ﬁbcmn)
18(1 .-
120. -
0
60.4 “"..
.\\ o
T
0'1 ﬁ'; — Y - T ¥ - <
0.00 0.25 0.50 . 0.75 1.00

MNyeam

Figure 4

40. ™
Y A e T 7 \\
oy D
s i’f,\ ~ /
(). — T T L
0. 20. x 40.

Iigure 6




a) Nion,total R

20, 20

<
(&3

N

LN,

it

: 44{5{

&

0.4~
0. 20.

40.

Figure 10

IMigure 11

a) J‘m_
40.4
y -4
20.
0“ Ll 1
l_);)_sl;;”__ direct, tions
\QQ‘ ] 1l ’{i
40.4 \ g E )
y /
1 Zmn ?Q\m
¥y A
f
N M | ML\\L_
0 20 40.



a) x= 19 (thruster cxit)

- 1.0-
log (7

patd
S’

3.0- |/*- 7-7-

504t o]
90 190 7 230 =4 " " a20
Y

0.0

-'2.0)
log(n)

4.0

() 0 T T A ¥ L§ AJ v
7 12.0 22.0 32.0 4
Y

Figure 12

0.0

Figure 13




) Cutting planc at 7= 24

N

40 T \\

20.

(). . T T T T
20. 40.

a) Cuttingwplanc at 7- 24

40. —

20.

0| —r——

Figure 15



